The starch-hydrolysing enzyme GA (glucoamylase) from Rhizopus oryzae is a commonly used glycoside hydrolase in industry. It consists of a C-terminal catalytic domain and an Nterminal starch-binding domain, which belong to the CBM21 (carbohydrate-binding module, family 21). In the present study, a molecular model of CBM21 from R. oryzae GA (RoGACBM21) was constructed according to PSSC (progressive secondary structure correlation), modified structure-based sequence alignment, and site-directed mutagenesis was used to identify and characterize potential ligand-binding sites. Our model suggests that RoGACBM21 contains two ligand-binding sites, with Tyr 32 and Tyr 67 grouped into site I, and Trp 47 , Tyr 83 and Tyr 93 grouped into site II. The involvement of these aromatic residues has been validated using chemical modification, UV difference spectroscopy studies, and both qualitative and quantitative binding assays on a series of RoGACBM21 mutants. Our results further reveal that binding sites I and II play distinct roles in ligand binding, the former not only is involved in binding insoluble starch, but also facilitates the binding of RoGACBM21 to long-chain soluble polysaccharides, whereas the latter serves as the major binding site mediating the binding of both soluble polysaccharide and insoluble ligands. In the present study we have for the first time demonstrated that the key ligand-binding residues of RoGACBM21 can be identified and characterized by a combination of novel bioinformatics methodologies in the absence of resolved threedimensional structural information.
INTRODUCTION
GA (glucoamylase) (1,4-α-D-glucan glucohydrolase, EC 3.2.1.3) is an exo-acting GH that catalyses the release of β-D-glucose from the non-reducing ends of starch and related substrates by hydrolysing α-1,4-and α-1,6-glycosidic linkages using a single active site [1, 2] . In industrial utilization, the conversion of starch into glucose syrups by GA from Rhizopus or Aspergillus is well established [1, 3] .
GA is a modular protein consisting of a catalytic domain, classified as a member of the GH15 (glycoside hydrolase family 15) [4] , connected to an SBD (starch-binding domain) by an O-glycosylated linker. Most of the known SBDs found in GA are located at the C-terminus, but the GAs from Rhizopus oryzae [5, 6] , Arxula adeninivorans [7] and Mucor circinelloides [8] contain N-terminal SBDs. These C-terminal and N-terminal SBDs are categorized into CBM20 (carbohydrate-binding module family 20) and CBM21 respectively.
CBMs are currently classified into 43 families on the basis of amino acid sequence similarity, and exhibit discrepancy in ligand specificity (for detailed information, see http://www.cazy.org/ CAZY/ [9, 10] ). CBMs mediate the interaction of GHs with their substrates by carrying catalytic domains on the surface of insoluble polysaccharides [11] . Both proteolytic excision and truncation of CBMs from GHs cause a significant decrease in the enzyme's activity towards insoluble but not soluble polysaccharide substrates [10, 12, 13] .
Starch-binding CBMs are grouped into six different families (CBM20, CBM21, CBM25, CBM26, CBM34 and CBM41) [14] [15] [16] [17] [18] [19] , among which the structural information for CBM20, CBM25, CBM26 and CBM34 [14, [20] [21] [22] [23] [24] [25] [26] is found in the RCSB Protein Data Bank. These structures all contain the characteristic feature termed the β-sandwich fold (comprising two β-sheets) [27] . The studies on the structure and function of CBM20 are the most extensive and detailed [17] ; however, only one example of starch-binding function has been demonstrated in CBM21 [28] . Some CBM21 members bind to insoluble storage polysaccharides such as starch and glycogen [29] , whereas most of the others are hypothetical proteins derived from genomic annotation [30] .
The most recent evolutionary study on CBM20 and CBM21 proposes to group these two SBD families into a new CBM clan [31] . It also indicates that the putative fold of CBM21, identified by the three dimensional PSSC (progressive secondary structure correlation) fold recognition server [32] , is similar to that of CBM20. CBM21 and CBM20 are predicted to have similar secondary and tertiary structures and the same role in enhancing the activity of hydrolysing insoluble starch, even though their sequence identity is fairly low. It is postulated that the CBM21 from R. oryzae GA (RoGACBM21), as well as CBM20 from Aspergillus niger GA (AnGACBM20), should belong with the members of Type B glycan chain-binding CBMs [27] that have similar structural topology. The location and orientation of the aromatic residues in the binding sites of Type B CBMs are known to be the primary factors in ligand specificity and affinity [33, 34] . Another interaction, direct hydrogen bonding, is also an important factor in CBM-ligand recognition since the hydroxy groups of carbohydrates are capable of forming hydrogen bonds with polar residues (mainly Glx and Asx) in the binding sites of CBMs [35, 36] .
The structural information for CBM20 provided by NMR spectroscopic and X-ray crystallographic studies has been utilized to study the biological functions of the members of this family [25, 26] ; however, no three-dimensional structure of any CBM21 protein is currently available in any database. Furthermore, molecular modelling of intact RoGACBM21 using AnGACBM20 as the template cannot be directly processed in the SWISS MODEL protein-modelling server because of the low sequence identity (13.5 %) between RoGACBM21 and AnGACBM20. To solve this problem, the PSSC algorithm and structure-based sequence alignment were used in this study to compare the representative CBM21 members and AnGACBM20 that share similar topologies. The result of the modified structure-based sequence alignment indicates that the positions of aromatic residues and the lengths of β-strands are aligned much better than in conventional alignment. The molecular model of RoGACBM21 was constructed according to the result of structure-based sequence alignment and was validated experimentally by site-directed mutagenesis, chemical modification, UV difference spectroscopy, and both qualitative and quantitative binding assays. In addition, the roles of the aromatic residues were also characterized. The results of the present study show that RoGACBM21 has an all-β-strand structure containing two ligand-binding sites, similar to that found in AnGACBM20. Interestingly, unlike AnGACBM20, RoGACBM21 has distinct ligand specificity for each binding site.
EXPERIMENTAL

Structure-based multiple sequence alignment
Secondary-structure prediction was performed at the Jpred server (http://www.compbio.dundee.ac.uk/∼www-jpred/ [37] ) and the NPSA (Network Protein Sequence Analysis) server (http://npsapbil.ibcp.fr [38] ). The Jpred and NPSA servers provide the consensus results of six (NNSSP, DSC, PREDATOR, MULPRED, ZPRED and PHD) and twelve (SOPM, SOPMA, HNN, MLRC, DPM, DSC, GORI, GORII, GORIV, PHD, PREDATOR and SIMPA96) different methods respectively. The results of secondary structure prediction were used for multiple sequence alignment of the amylolytic CBM21 SBDs from RoGACBM21, A. adeninivorans GA (AaGACBM21), M. circinelloides GA (McGACBM21) and Lipomyces kononenkoae α-amylase (LkαACBM21), the non-amylolytic CBM21 from Homo sapiens protein phosphatase (HsPPCBM21) and AnGACBM20 using the ClustalX program [39] with the option of the secondary structure profile alignment.
PSSC algorithm
In the present study, we developed a PSSC algorithm, which was based on combinatorial informatics for predicting secondary structures and functionally important residues from related sequences of protein families. PSSC comprises three major steps: (i) obtaining multiple secondary structures using existing prediction systems to assign positions and boundaries of α-helices and β-strands, (ii) transforming each of the predicted secondary structures into a new sequence representation by symbolizing the α-helices and β-strands, as well as labelling selected aromatic residues, tyrosine, tryptophan and phenylalanine, pre-defined as constrained residues, and (iii) performing progressive correlation operations on one protein sequence with a resolved threedimensional structure as the template. Among all predicted secondary structures, the one with the highest score represents the best candidate in which to identify the key residues corresponding to those in the template structure. Each annotated segment of the α-helix or β-strand was simplified by a symbol 'α' and 'β' respectively, and the loop structures were replaced with specified constrained residues or a symbol 'N' when no aromatic residue could be allocated. In the last step, the correlation operations were performed to provide the best alignment with respect to the location of secondary structures and constrained aromatic residues. Different weightings for matching scores were assigned to enhance the secondary structure relationship. A score of 2 was assigned to any matched symbol 'α' and 'β', a score of 1 was given to a matched 'Y', 'W', 'F' and 'N', and a score of − 1 was assigned as a mismatch penalty. The predicted secondary structures with the highest scores were selected for identification of key residues through further correlation alignment.
Model construction
A molecular model of RoGACBM21 was generated by the protein-modelling server SWISS MODEL [40] [41] [42] using the NMR structure of AnGACBM20 (PDB code 1AC0 [25] ) as the template. Based on the modified sequence alignment, residues 1-13 were deleted from the RoGACBM21 model structure, as there were no corresponding residues in AnGACBM20. Energy minimization of the model was performed with the GROMOS96 implementation of the DeepView program [41] . Molecular graphics were performed using WebLab ViewerLite.
Protein expression and purification
The DNA fragment encoding the SBD of R. oryzae GA from Ala 1 to Thr 106 was amplified by PCR using the forward primer 5 -CATATGGCAAGTATTCCTAGCAGT-3 and the reverse primer 5 -CTCGAGTGTAGATACTTGGT-3 (restriction sites are in bold). The PCR product was cloned into the pGEM-T Easy cloning vector (Promega) and verified by DNA sequencing. The SBD DNA fragment was subsequently ligated into the pET23a(+) expression vector (Novagen) at NdeI and XhoI sites to generate pET-RoGACBM21. Escherichia coli BL21-Gold (DE3) cells (Novagen), transformed with pET-RoGACBM21, were grown in Luria-Bertani medium containing 100 µg · ml −1 ampicillin, and incubated at 37
• C with shaking at 250 g until the attenuance (D 600 ) reached 0.6. The synthesis of proteins was induced by the addition of IPTG (isopropyl β-D-thiogalactoside) to a final concentration of 400 µM, the incubation was continued at 20
• C for 16 h. The cells were harvested by centrifugation at 3700 g for 15 min at 4
• C, and the resultant pellet that was resuspended in 20 ml of Tris/HCl buffer (50 mM, pH 7.9) was then homogenized (EmulsiFlex-C5 homogenizer). The cell debris was removed by centrifugation at 16 000 g for 15 min at 4
• C, and the supernatant was subjected to purification by His-Bind ® affinity column chromatography (Novagen). The purified RoGACBM21 was dialysed against sodium acetate buffer (50 mM, pH 5.5) using an Amicon stirred-cell concentrator (Millipore) equipped with a PM-10 membrane (10 kDa cutoff). Protein concentrations were assayed by a BCA (bicinchoninic acid) reagent kit (Pierce).
Site-directed mutagenesis
All RoGACBM21 mutants were generated using the PCR-based QuikChange site-directed mutagenesis method (Stratagene) with pET-RoGACBM21 as the template, two complementary primers containing the desired mutation, and Pfu Turbo DNA polymerase (Stratagene). The sequence of each mutant plasmid was verified to confirm that additional PCR-induced mutations had not been introduced. All constructs were transformed into competent E. coli BL21-Gold (DE3) for protein expression.
CD
CD spectra were recorded on an Aviv CD spectrometer (model 202) equipped with a 450-W xenon arc lamp. Far-UV spectral analysis at 200-260 nm was performed in a rectangular quartz cuvette with a 0.1 cm path length at 25 and 96
• C at a scan speed of 4 nm · s −1 and a bandwidth of 0.5 nm. Each spectrum obtained was an average from three consecutive scans and was corrected by subtracting the buffer spectrum.
UV difference spectra of wild-type and mutant RoGACBM21
All spectra were obtained using a UV/visible spectrophotometer (Hitachi U-3310) at 270-300 nm with a bandwidth of 0.5 nm. Spectra of 30 µM wild-type or mutant RoGACBM21 were recorded in 50 mM sodium acetate, pH 5.5, at 25
• C in the absence or presence of 500 µM β-cyclodextrin (Sigma). Each difference spectrum, calculated by subtracting the protein-only spectrum from protein-ligand spectrum, was used for comparison with the difference spectra of model compounds N-acetyltryptophan (50 µM) (Sigma) and N-acetyltyrosine (100 µM) (Sigma), as perturbed in 20 % DMSO.
Chemical modification of tryptophan residues with NBS (N-bromosuccinimide)
The oxidation of tryptophan residues was performed by titrating native wild-type and W47A RoGACBM21 protein (30 µM, in 50 mM sodium acetate, pH 5.5), native wild-type protein in the presence of 500 µM β-cyclodextrin or of denaturant (8 M urea) with NBS (1 mM, freshly prepared) (Sigma) in a rectangular quartz cuvette with a 1 cm path length at 25
• C. At each titration point, the mixture was incubated for 3 min, and the absorbance at 280 nm was recorded using a UV/visible spectrophotometer. The titration process was continued until the decreasing trend of absorbance at 280 nm stagnated or started to rise. The number of tryptophan residues oxidized by NBS was calculated using the absorbance method [43] .
Chemical modification of tyrosine residues with TNM (tetranitromethane)
The nitration of tyrosine residues was performed using TNM, as described by Sokolovsky et al. [44] . RoGACBM21 (10 µM, in 100 mM Tris/HCl, pH 8.0) was added into TNM (1 mM, in 95 % ethanol) at 25
• C for 180 min, and the absorbance at 428 nm was monitored using a UV/visible spectrophotometer. The number of tyrosine residues oxidized by TNM was calculated using the molar absorption coefficient value of 4100 M −1 · cm −1 for 3-nitrotyrosine [44] .
Qualitative measurement of binding to insoluble starch
Wild-type or mutant RoGACBM21 (16 µM, 100 µl) in 50 mM sodium acetate, pH 5.5, was each mixed with 0.1 mg of insoluble starch (Sigma), and the mixture was incubated at 25
• C with gentle stirring for 5 h, after which the insoluble starch was pelleted by centrifugation at 13 000 g for 2 min at 4
• C. The pellet (the bound fraction) and supernatant (the unbound fraction) were analysed by SDS/PAGE using a 15 % gel. To ensure that no precipitation occurred during the assay period, protein with no insoluble starch was included as a control.
Quantitative measurement of binding to insoluble starch
The starch-binding isotherm was analysed as a saturation binding assay. Wild-type and mutant RoGACBM21 (100 µl, in 50 mM sodium acetate, pH 5.5) were each mixed with 0.1 mg of prewashed insoluble starch and incubated at 25
• C with gentle stirring for 16 h. After centrifugation at 16 000 g for 10 min at 4
• C, the protein concentration of the supernatant was determined using the BCA assay, and the amount of bound protein was calculated from the difference between the initial and unbound protein concentrations. The dissociation constant (K d ) and the maximal amount of bound protein (B max ) were determined by fitting to the non-linear regression of the binding isotherms using a standard single-site binding model.
Quantitative measurement of binding to soluble polysaccharides
Fluorescence spectrophotometry of the binding of wild-type or mutant RoGACBM21 to soluble polysaccharides (Sigma) was recorded by measuring changes in the intrinsic protein fluorescence intensity. Experiments were performed in 50 mM sodium acetate, pH 5.5, at 25
• C using a PerkinElmer LS-55 spectrophotometer. Circular and linear carbohydrates (2-20 mM) were titrated into RoGACBM21 (10 µM, 2 ml), and the fluorescence-emission spectrum was monitored at 350 nm with a fixed excitation at 280 nm. The relative changes in fluorescence intensity were plotted against ligand concentration, and the data were fitted to a simulated curve using the appropriate equation for a single binding site.
Data analysis
Data analyses of kinetic and affinity parameters were performed using GraphPad Prism (GraphPad Software).
RESULTS AND DISCUSSION
Construction of the RoGACBM21 model
Six CBM families, CBM20, CBM21, CBM25, CBM26, CBM34, and CBM41, contain SBDs, but currently only the structures of CBM20, CBM25, CBM26 and CBM34 have been elucidated [14, [20] [21] [22] [23] [24] [25] [26] . All of the resolved three-dimensional structures share an immunoglobulin-like topology (CATH code 2.60.40) [45] , suggesting that all SBDs of GA possess similar three-dimensional structures, even though they do not have high sequence identity [31] .
Because the CBM21 sequence does not have a high level of identity with any previously solved CBM20 structure, a novel structure-based multiple sequence alignment strategy was used to compare proteins that share similar topology but are dissimilar in sequence. The secondary structures of the SBDs used in this study were initially predicted using the consensus secondary-structure prediction servers, Jpred and NPSA to construct a consensus result using a combination of a number of secondary-structure prediction methods. Figure 1 (A) presents the results of the structure-based multiple sequence alignment for CBM20 and CBM21. The consensus secondary structures for all CBM21 SBDs except AaGACBM21 revealed eight β-strands, consistent with the structural characteristics of CBM20, whereas the seventh β-strand in AaGACBM21 was replaced by an α-helix. This phenomenon has also been mentioned by Machovic et al. [31] . Most of the secondary structural elements of both CBM families appear to be located in corresponding positions without considering the length of each β-strand; however, no consensus aromatic residues between CBM20 and CBM21 were revealed. In an attempt to improve the present alignment for identifying potential ligand-binding residues in RoGACBM21, the PSSC algorithm was used with structure-based multiple sequence alignments. We hypothesized that strongly correlated results could be obtained not only from relative α-helical and β-stranded structures, but also from key residues on loop regions that participate in ligand binding to maintain functionality, similar to the template. As shown in Figure 1(B) , the secondary-structural elements were well-aligned in terms of relative position and length, and eight aromatic residues in RoGACBM21 were found to be conserved with the corresponding residues in AnGACBM20. Compared with the recently published alignment data of all CBM21 and CBM20 members [31] , PSSC shows that the second to the eighth β-strands of RoGACBM21 are sequentially aligned with the first to the seventh β-strands of AnGACBM20, instead of inserting a large gap in the region between the second and third β-strands of RoGACBM21 during multiple sequence alignment. Our results revealed that Tyr 32 , Trp 70 and Tyr 93 (RoGACBM21 numbering) are absolutely conserved in all amylolytic CBM21 SBDs, including two α-amylases and three GAs. Interestingly, these three aromatic residues in the equivalent positions in the non-amylolytic CBM21 are all replaced with phenylalanine. In addition, it was found that Trp 47 , Tyr 58 and Tyr 94 were better conserved in CBM21 from GAs and non-amylolytic enzymes than in CBM21 SBDs from α-amylases.
As shown in Figure 2( Figure 2B , left panel) was generated from the residues spanning positions 14-106, as aligned with AnGACBM20. The root mean square deviation of the superimposed backbone atoms (356 atoms) was 1.38 Å (1 Å = 0.1 nm), indicating that the model fitted the template structure very well. Judging from the AnGACBM20 structure with two ligand-binding sites ( Figure 2B , right panel), we hypothesized that the ligandbinding residues in RoGACBM21 could also be grouped into two sites, namely site I (Tyr 32 The RoGACBM21 model includes a three-stranded β-sheet and a five-stranded β-sheet ( Figure 2C, left panel) . These two β-sheets consist of anti-parallel β-strands with the topological organizations (1↓2↑5↓) and (4↑3↓6↑7↓8↓). β-Strands 2-8 of RoGACBM21 could be superimposed on to β-strands 1-7 of AnGACBM20 ( Figure 2C, right panel) , and the first strand of RoGACBM21 could possibly be superimposed on to the eighth β-strand of AnGACBM20, although in the reverse direction.
Validation of the RoGACBM21 Model
All-β-strand secondary structure
The CD spectrum of the native state RoGACBM21 (Figure 3) had a trough at 215 nm, typical for a protein containing only β-strands, suggesting that RoGACBM21 does not contain a helical structure, and that both β-strand and random coil structures significantly contribute to the overall conformation. This observation is in agreement with the results of the secondary structure prediction and the shared all-β-strand structure of the starch-binding CBMs. The spectrum also contained a peak near 230 nm, an unusual feature that has been observed in some CBDs in which disulphide bonds and aromatic side chains of phenylalanine, tyrosine and tryptophan may contribute to spectral peaks with positive ellipticity [46, 47] . RoGACBM21 contains 18 aromatic residues and no cysteine residue (Figure 2A) , suggesting that the peak of positive ellipticity near 230 nm may be a consensus equence of aromatic residues. 
Distinct roles of the two tryptophan residues in RoGACBM21
NBS was employed to further evaluate the number of tryptophan residues exposed on the surface of RoGACBM21. NBS modification of the tryptophan residues in RoGACBM21 was monitored by recording the decrease in absorbance at 280 nm ( Figure 4A ). The decrease in A 280 of native RoGACBM21 began to rise at an NBS/protein ratio of 2.5:1. This NBS-induced rise in absorbance at 280 nm is a phenomenon typically observed following the oxidation of tyrosine residues [48] . However, no increase in the A 280 of denatured RoGACBM21 was observed since none of the tyrosine residues in the urea solution could be modified by NBS [44] . As shown in Figure 4 (A), the number of modified tryptophan residues in native and denatured RoGACBM21 was calculated to be 1.6 and 2.0 respectively. The only two tryptophan residues residing in RoGACBM21 could be modified under native and denaturing conditions, indicating that both Trp 47 and Trp 70 may be exposed on the surface of the protein. To determine whether two tryptophan residues are located within the ligand-binding site(s), NBS oxidations were carried out in the presence of the ligand, β-cyclodextrin. Pre-incubation of native RoGACBM21 with β-cyclodextrin resulted in the apparent protection of one tryptophan residue from oxidation ( Figure 4A ), suggesting that only one tryptophan residue is involved in β-cyclodextrin binding.
To further probe which tryptophan residue is located in the ligand-binding site, both Trp 47 and Trp 70 were individually mutated to alanine. The W47A mutant could be expressed in and purified from E. coli; however, the solubility of the W70A mutant was very poor under all expression conditions tested, suggesting that Trp 70 is quite important for the correct folding of RoGACBM21. Our result is in good agreement with the observation that the highly conserved Trp 563 (AnGACBM20 numbering) in both amylolytic CBM20 and CBM21 SBDs may play a structural role [49] .
The native W47A mutant was subjected to treatment with NBS, and the result was consistent with that of the wildtype RoGACBM21 tested in the presence of β-cyclodextrin ( Figure 4A ), strongly suggesting that Trp 47 is the key ligandbinding residue. This result was also confirmed by UV difference spectra for wild-type and mutant RoGACBM21 (Figure 4B ), which were perturbed with 500 µM β-cyclodextrin and then compared with those of the model compounds N-acetyltryptophan and N-acetyltyrosine perturbed with 20 % DMSO. The spectrum of wild-type RoGACBM21 ( Figure 4B , line c), with three peaks near 277, 285 and 293 nm resembled the tryptophan and tyrosine perturbation spectra ( Figure 4B, lines a and b) , suggesting that the perturbed tryptophan and tyrosine residue(s) in RoGACBM21 are present in the ligand-binding site(s). The difference spectrum of W47A ( Figure 4B , line e) was diminished and virtually identical with the baseline scan, revealing that Trp 47 is involved in soluble ligand binding. These data demonstrate that Trp 47 plays a critical role in binding to soluble ligands and that Trp 70 is essential for maintaining the structure.
Identification of key tyrosine residues for ligand binding
The tyrosine residues in RoGACBM21 were nitrated with TNM and the numbers of tyrosine residues exposed on the surface were calculated using the molar absorption coefficient of the nitrated tyrosine (3-nitrotyrosine) ( Figure 4C ). More than six of the 12 tyrosine residues were nitrated by TNM, suggesting that at least 50 % of the tyrosines were exposed on the surface and thus may contribute to a potential ligand-binding site(s). To further investigate the crucial tyrosine residues located in RoGACBM21, each were individually replaced with alanine. Qualitative binding assays were carried out to probe the number and location of potential ligand-binding residues in wild-type RoGACBM21, the tryptophan mutant (W47A) and tyrosine mutants (Y32A, Y58A, Y67A, Y83A, Y93A and Y94A). As shown in Figure 5 , substitutions of alanine for Tyr 32 are also important for stabilizing the RoGACBM21 structure. Accordingly, no soluble double-mutant protein involving these residues was obtained. Therefore subsequent studies focused on Tyr 32 and Trp 47 . The difference UV spectra of mutant Y32A ( Figure 4B , line d) and wild-type RoGACBM21 did not differ significantly, indicating that binding site I is not involved in β-cyclodextrin binding. It should be noted that putative binding residues Tyr 16 and Tyr 86 that were inferred from direct sequence alignment are not involved in the binding to either soluble ( Figure 4B , lines f and g) or insoluble ligand ( Figure 5 ).
Two binding sites with distinct ligand specificities
Equilibrium starch-binding isotherm data for purified RoGACBM21 were fitted to non-linear regression curves (Figure 6) . The binding parameters, K d and B max , for RoGACBM21, as determined by a two-parameter model for single-site saturation binding were 1.43 + − 0.14 µM and 41.14 + − 1.05 µmol · g −1 respectively (Table 1) . However, the K d for the wild-type RoGACBM21 is an apparent constant representing a weighted average over two binding sites. Compared with AnGACBM20, the dissociation constants for the engineered AnGACBM20 (3.2 + − 0.9 µM) and proteolytically produced AnGACBM20 (12.7 + − 0.5 µM) [50, 51] were approx. 2-and 10-fold higher than that of RoGACBM21 respectively. Furthermore, the B max values for the engineered AnGACBM20 (0.56 µmol · g −1 ) and proteolytically produced AnGACBM20 (1.08 + − 0.02 µmol · g −1 ) were respectively 70-and 40-fold lower [50, 51] than that of RoGACBM21. It should be noted that the ligand-binding capacity may be affected by various ratios of amylopectin to amylose, the size and shape of starch granules, and the swelling effect arising from the time that the starch sits in the buffer. The quantitative binding isotherm and Scatchard analysis ( Figure 6 and Table 1) revealed that the binding capacity of insoluble starch for Y32A and W47A mutants was decreased to approx. 50 % relative to that of the wild-type. The binding affinity of the Y32A and W47A mutants was similar to that of the wild-type protein, and the binding of the Y32A/W47A double mutant to insoluble starch was almost completely abolished.
The data for quantitative binding to soluble ligands is presented in Table 2 . For cyclic carbohydrates, the affinity of wild-type RoGACBM21 for β-cyclodextrin (K d = 5.1 + − 0.7 µM) was slightly stronger than for γ CD (K d = 8.3 + − 1.5 µM), and the binding to α-cyclodextrin (K d > 300 µM) was relatively poor. For linear carbohydrates, the K d values of wild-type RoGACBM21 decreased with increasing ligand length. These results indicate that the distance and the orientation between the aromatic side chains residing in the binding site are the major determinants for ligand binding to RoGACBM21. Therefore the binding to cyclic carbohydrates was dependent upon the angle of the ligand surface, whereas binding to linear carbohydrates was governed by ligand length. For the ligand with an α-1,6-glycosidic linkage, the affinity of RoGACBM21 for isomaltotriose (K d = 3.8 + − 0.7 µM) was stronger than those of the soluble ligands with α-1,4-glycosidic linkage, suggesting that RoGACBM21 may prefer to bind to the side branch of the starch molecule.
The affinity of the W47A mutant for the soluble carbohydrates used in this study either was too low to determine by fluorescence titration spectra or was substantially affected by the alanine substitution. These findings, together with the results of chemical modification, and qualitative and quantitative binding assays for insoluble starch binding, strongly support the hypothesis that Trp 47 is indeed the major residue in binding site II that is involved in binding to both soluble and insoluble ligands. The Y32A mutant and wild-type RoGACBM21 show similar affinity for various cyclodextrins, confirming that Tyr 32 is not involved in binding to such ligands. In addition, the effect of the length of linear oligosaccharides on the binding to Y32A was relatively insignificant as compared with that of wild-type RoGACBM21, suggesting that binding site I may facilitate the binding of RoGACBM21 to long-chain linear oligosaccharides. The starch-binding CBM20s have been demonstrated to possess two binding sites with similar binding affinities [49, 52] ; however, RoGACBM21 in this case contains two binding sites with distinct binding specificities, indicating that each site plays a different but co-operative role in carbohydrate-protein recognition. Binding site II serves as the major binding site for both soluble and insoluble ligands, and binding site I is involved in assisting RoGACBM21 in association with long-chain carbohydrates.
Conclusion
In conclusion, our data provide the first functional characterization and binding site identification of the SBD of CBM21. Our molecular model of RoGACBM21, based on structure-based sequence alignment, is useful for the design of site-directed mutants and for functional analyses. The model also presents the structure-function rationale for qualitative and quantitative binding data. Our results indicate that the Tyr 32 and Trp 47 are located on the surface of RoGACBM21, and that each residue plays a distinct role in ligand binding. Of the two insoluble starchbinding sites in RoGACBM21, site I is involved in binding only to long-chain soluble polysaccharides. These properties may be important for delivering the ligand from the SBD to the catalytic domain. The structural resemblance between RoGACBM21 and AnGACBM20 suggests that it is feasible to search for the key ligand-binding residues in CBM family members even though these proteins share low sequence identity. 
